We propose a new observable designed to probe CP-violating coupling of the Higgs boson to W bosons using associated Higgs production. We define an asymmetry that measures the number of leptons from W decays relative to the plane defined by the beam line and the Higgs boson momentum. The orientation of that plane is determined by the direction of fermions in the initial state, so that in a proton-proton collider it requires rapidity cuts that preferentially select quarks over antiquarks.
I. INTRODUCTION
The recent discovery of a Higgs-like particle at the LHC [1, 2] launched a program of detailed studies of properties of the ∼ 126 GeV boson. The initial measurements indicate that its couplings are close to the ones predicted by the Standard Model (SM) [3] . With time, either credible deviations from the SM properties will emerge or the SM Higgs boson will be confirmed within shrinking experimental errors. This is analogous to the program of precision electroweak measurements, which searched for deviations from the SM among numerous properties of the electroweak gauge bosons and four-fermion interactions. Investigating Higgs couplings opens up sensitivity to new physics that couples to the Higgs boson that previous measurements were unable to probe directly.
Naturalness arguments suggest existence of new states with couplings to the Higgs boson. If naturalness is indeed a useful guide, new physics is related to the top quark and massive gauge bosons and it is likely to be noticeable in the Higgs couplings to these particles. Higgs couplings to gluons and photons are known to be sensitive probes of new physics [4] because these couplings are generated at loop level in the SM leaving room for relatively large contributions from new physics. Within the SM the Higgs couplings to the massless gauge bosons are dominated by the top quark and W loops in the SM and therefore indirectly probe the Higgs couplings to these particles. However, it would be desirable to be able to probe the modifications to the Higgs coupling in a more direct way. As we will discuss shortly, the most general Higgs couplings to the massive gauge bosons can involve several Lorentz structures, with different CP properties. It would be very interesting to pin down these couplings as accurately as possible. CP violation in the quark sector is consistent with the single CP-violating phase in the CKM matrix. The bounds on CP violation in the light quark and lepton sectors are very stringent relegating new CP-violating physics to very high scales. It is an intriguing possibility that CP-violating interactions involving the Higgs occur at lower scales that could be accessible at the LHC.
We focus here on Higgs couplings to V = W, Z weak bosons and we write the most generic hV µ V ν vertex as
where p 1,2 are the incoming four-momenta of V µ and V ν and ǫ 0123 = 1. We factored out the couplings g W = g, g Z = g 2 + g ′ 2 , where g and g ′ are the SU (2) L × U (1) Y gauge couplings, respectively. Meanwhile, A, B, C are form factors that are functions of the Lorentz scalars p (1) are CP-conserving while, in the presence of them, the third one violates CP. Note that in the A V = B V = 0 limit, there is a parity assignment, where h is parity odd, so that CP is conserved. Such an assignment no longer exists when C V is present together with either A V or B V , leading to CP-violating effects coming from the interference between A V , B V and C V couplings.
There is already some evidence regarding the CP properties of the 126 GeV boson based on its decays into Z pairs using angular analysis of the 4-lepton channel [6, 7] . The decays are consistent with CP-even couplings indicating that either the Higgs boson is a CP eigenstate and CP-violating couplings to the Z's are sub-dominant, or that the scalar is a mixture of CP-even and CP-odd states with a larger CP-even component. Even though the C Z form factor is already constrained we will argue in Section IV that couplings to the W boson pairs need not follow exactly the same pattern as the couplings to the Z pairs as these couplings could arise from several independent higher-dimensional operators.
Constraining C W in the hW W vertex through Higgs decays seems more difficult compared to probing C Z in h → 4l. The challenge stems from missing energy in the h → 2l2ν channel, and missing energy and poor jet resolution in the h → lνqq ′ channel. Measurements of the total decay rate h → W W * are only sensitive to the square of C W and furthermore it is not possible to disentangle non-SM values of A W and B W from C W = 0.
We argue in this letter that the associated W h production channel offers a complimentary probe of the presence of the CP-odd interaction in the hW W vertex. A key difference between the two channels is that the h → W W * decay is only quadratically sensitive to B W and C W coefficient evaluated at (p 1 + p 2 ) 2 = m 2 h , whereas in W h production the momentum transfer is controlled differentially by varying the W h invariant mass. We propose a new observable related to the triple product l · ( h × q), where l, h and q are the three-momenta of the charged lepton from the W decay, the Higgs boson, and the initial quark in the′ (q ′ = q) partonic collision, respectively. Since the triple-product is a Lorentz pseudo-scalar, the proposed asymmetry is induced by the interference between CP-conserving and CP-violating couplings and its magnitude is linearly proportional to C W .
Other observables were proposed to reveal the presence of CP-odd Higgs interactions in associated W h production [8] . The latter are also sensitive to CP-even interactions and their measurements are thus complimentary to the one proposed in this work. CP violation in the hW W vertex could also be revealed in Higgs production through vector boson fusion [9] , although extracting the W contribution from the Z may be an obstacle in this channel.
The reason for defining an observable proportional to a triple product is easy to understand as the C V vertex in (1) contains the antisymmetric ǫ tensor. An observable sensitive to C V must therefore rely on measuring three linearly independent three-vectors. Let us first consider the h → ZZ * → 4l process in the Higgs rest frame. A suitable observable must be then constructed out of the momenta of three of the leptons, as the fourth one is restricted by momentum conservation. In practice, a triple product sensitive to C Z is proportional to the angle between planes defined by the lepton pairs in the Higgs rest frame [10] . In the associated production partonic process→ W h, the three linearly independent vectors are chosen to be the beam direction, the Higgs momentum and the W polarization. As we demonstrate later, there is actually no need to determine the polarization of the W . Instead one could rely on measuring the momentum of the lepton created in the W → lν decay. Measuring the lepton momentum is straightforward experimentally and it turns out to be a good substitute for W polarization.
The outline of the paper is as follows. In the next section we compute helicity amplitudes for the parton-level process′ → W h. In Section III we define our asymmetry observable and present sensitivity estimates for the 14 TeV run of the LHC. In Section IV we comment on the possible origin of non-SM couplings B V and C V in an effective field theory. We also discuss direct and indirect bounds on the coefficients of effective operators that can lead to non zero C V . We conclude in Section V.
II. HELICITY AMPLITUDES FOR W h PRODUCTION
We start by evaluating the cross-section for the partonic process′ → W h using the generic hW W vertex in Eq. (1). We assume that W and h are produced on shell and rely on the narrow width approximation (NWA) to subsequently include the W → lν decay. We assume that Higgs decays to bb because it is the channel with the largest branching ratio, but the particular decay channel is not important for our result. Higgs decay products do not carry any important information about the interaction in Eq. (1) that we want to probe because Higgs is a scalar. Higgs decay products are crucial only for Higgs identification and determination of its momentum.
Consider first the partonic process ud → W + h (and an analogous calculation for dū → W − h) with on-shell Higgs and W boson. Neglecting quark masses, the helicities of the initial quarks are fixed by the V − A nature of the W interaction. Using the hW W vertex in Eq. (1), one finds the following amplitudes
for producing transverse W of helicity λ = ±1 or longitudinal W of helicity λ = 0 in the final state. In the formulas above, θ is the scattering angle in the centerof-mass frame (cmf), while √ŝ is the cmf energy and
Finally, the proportionality factors are given by
It is worth noting that tan γ encodes information about the CP-violating part of the hW W interaction and is proportional to C W . At the kinematic threshold for W h production β = 0 and hence γ = 0. At threshold, Higgs momentum vanishes and therefore the triple product involving Higgs momentum and W polarization vanishes as well. Likewise, the amplitude for producing longitudinally polarized W 's, M p 0 in Eq. (3), is independent of γ and thus insensitive to CP violation. The longitudinal polarization vector is parallel to the W momentum, and hence proportional to Higgs momentum in the cmf. Consequently, the triple product vanishes in this case.
The amplitudes for the subsequent decay of polarized
1 In a frame where the W momentum reads (q 0 , 0, 0, q), the W polarization four-vectors are ε As illustrated in Fig. 1 , θ l is the angle in the W rest frame between the charged lepton momentum and the direction of flight of the W as seen from the cmf, while φ is the azimuthal angle between the production plane, defined by the momenta of the incoming quark and the outgoing Higgs boson, and the lν decay plane in the cmf. Note that the decay amplitudes carry phases for non-zero azimuthal angles that depend on the helicity e iλφ , where λ = ±1, 0.
The differential cross-section for ud → W + h → l + νh reads dσ = 1/(3ŝ) M 2 dPS lνh , where M 2 is the associated amplitude squared averaged (summed) over the initial (final) fermion spins, the factor of 1/3 comes form color average, and dPS lνh is the three-body relativistic phase-space for l + νh final states. Using the NWA, the cross section is well approximated by
where
are defined in Eqs. (2), (3), and (5), while the W helicity sum runs over λ = ±1, 0. The phase space is expressed as a product of dPS W h and dPS lν , which are the two-body relativistic phase-spaces for the processes ud → W + h and W + → l + ν, respectively. These reduce to dPS W h = (β/16π)d cos θ in the cmf and dPS lν = (1/32π
2 )d cos θ l dφ in the W rest frame.
The absolute value square of the helicity sum in Eq. (6) decomposes as
where the second term collects interferences between different helicity amplitudes. Using Eqs. (2), (3) and (5) it is straightforward to check that interference effects vanish when averaged over the azimuth angle φ, since helicity is conserved, and that d 2σ /d cos θd cos θ l only depends quadratically on C W . However, any observable probing the azimuthal angle distribution is linearly sensitive to C W . The simplest of such observables is the up-down asymmetrŷ
III. UP-DOWN ASYMMETRY AT HADRON COLLIDERS
Consider the hadronic process h 1 h 2 → W + h → l + νbb with √ s energy in the cmf. We define the asymmetry
where N ↑ (N ↓ ) is the number of events satisfying l · ( h × h 1 ) > 0 (< 0), i.e with a charged lepton flying "above" ("below") the production plane. The differential crosssection for the above process is
where τ ≡ŝ/s and
, with f i/ha (x) is the parton distribution function (PDF) controlling the probability of finding a parton i with a fraction x of the hadron h a momentum. Theq ′ q initial state is related to the′ one through a parity transformation under which the triple product l · ( h × q ) ∝ sin φ flips sign, hence the extra minus sign in the second term of Eq. (10). The number of "upward" events is thus
2 /s, while N ↓ , the number of "downward" events, is obtained from N ↑ through exchangingσ φ>0 andσ φ<0 .
A
is expected to be of opposite sign relative to the process leading to l + because charge conjugation of the W decay amplitude is equivalent to taking φ → −φ. The statistical significance of the asymmetry for negatively charged leptons, however, would be smaller since down quark PDFs are smaller than up quark PDFs in the proton. Although the up-down asymmetry in W − associated Higgs production is less sensitive to the CP-odd vertex in hW W , its measurement could be used as an independent test of the asymmetry measured in W + associated production.
We now evaluate the expected up-down asymmetry in Eq. (9) Although C W could be a generic form factor, we consider constant C W for simplicity. The leading contributions in an effective field theory expansion to the form factors in Eq. (1) are momentum independent, as we discuss in the next section. Hence, we take C W = 4/Λ 2 , where Λ is the scale of the dimension six operator O W W defined in Eq. (15) . We use the CTEQ6L1 [11] PDF sets at leading order to compute the hadronic cross-sections and MadGraph 5 [12] to simulate events.
In pp collisions at the Tevatron it is far more likely that q arises from the proton, i.e. L′ ≫ Lq ′ q , and the up-down asymmetry is well approximated by
For Λ = 500 GeV and 1 TeV, the inclusive asymmetries are A pp CP ≃ −23% and −6.3%, respectively. Such asymmetries are however unlikely to be observed at the Tevatron due to small statistics.
At the LHC, the initial pp state is symmetric under parity, L′ = Lq ′ q , thus without further cuts A pp CP = 0. Any asymmetry induced in′ events is exactly compensated byq ′ q ones. A simple way of overcoming this is by breaking the parity invariance of the initial pp state by selecting events for which the partonic cmf is boosted relative to the laboratory. As the valence quark tend to carry a larger momenta fraction than the sea anti-quarks the direction of the boost is correlated with the direction of the incoming quark and can be used to define the production plane.
The boost of the partonic cmf relative to the pp frame is characterized by y W h , the rapidity of the W and h bosons pair in the laboratory frame. For events with y W h > 0 and for Λ = 500 GeV and 1 TeV, the resulting up-down asymmetries are A pp CP ≃ −14% and −4.1%, respectively. The W rapidity may not be reconstructed well enough experimentally due to the missing neutrino, leading to a poor estimation of the partonic cmf boost. One possible alternative is to trade the W rapidity for that of the lepton and select events for which the rapidity of the lepton and the Higgs boson pair in the labora- tory frame, y lh , has same sign. For events with y lh > 0, we find A pp CP ≃ −13% and −3.6% for Λ = 500 GeV and 1 TeV, respectively. Interestingly, using the lepton momentum instead of the W momentum leaves the asymmetry almost intact. Since the "lepton-based" up-down asymmetry avoids reconstructing the W boson rapidity it is likely to be the most effective probe of the CP-odd hW W vertex. If statistics permits, better sensitivity to larger scales Λ can be obtained by cutting harder on the invariant mass of the final states or/and on their average rapidity. We show in Fig. 2 the expected A CP at the 14 TeV LHC as a function of cuts imposed on W h and lh systems.
The most important feature that the plots in Fig. 2 reveal is that the up-down asymmetry can be sizable, its magnitude reaching as much as 40%-50% even when the scale Λ suppressing the operator contributing to C W is as large as 1 TeV. The top (bottom) plot in Fig. 2 uses as variables the rapidity and invariant mass of the W h (lh) system. The two plots in Fig. 2 are quite similar qualitatively, which shows that the process of reconstructing the momentum of the W is not necessary and the experiments can rely on the straightforward measurement of the charged lepton momentum from W decays. The asymmetry is small near the production threshold that is at small invariant masses of W h, or of lh by proxy, as we already noted in Section II. The CP-violating coupling C W is proportional to momenta, thus it vanishes at threshold. For very large W h or lh invariant masses the asymmetry decreases somewhat as the total cross section starts receiving sizable contributions from the square of C W , which is negligible at small invariant masses, and this dampens the magnitude of the asymmetry. This effect is particularly pronounced for smaller scales Λ. Tightening the cut on the rapidity of W h or lh yields modest increases of the magnitude of the asymmetry as this cut reduces the probability of misidentifying the quark direction, however tighter cuts swiftly decrease statistics. Fig. 3 shows the differential cross section for the associated Higgs production in the presence of the C W coupling in Eq. (1). The cross section is plotted as a function of the lh invariant mass and illustrates how the contribution of C W to the cross section grows with increasing invariant mass m lh . For Λ = 500 GeV, the cross section receives substantial contributions from C W at large m lh as is expected to arise from the presence of irrelevant operator. For Λ = 1 TeV, the cross section barely differs from the SM cross section. Despite this, the up-down asymmetry can be large when Λ = 1 TeV because the asymmetry depends linearly on C W , while the cross section scales as C 2 W . Note that naive dimensional analysis suggests that the scale in which the effective field theory description is expected to break down is roughly 4πΛ/g. This is well above the W h invariant mass scale that can be probed by the experiments in the near future.
IV. EFFECTIVE OPERATOR BASIS
We now turn to a possible origin of the couplings in Eq. (1) and to constraints on these couplings. As of yet there is no sign of physics beyond SM, so it is compelling to assume that new physics is heavy compared to the masses of SM particles and that new physics respects the SM gauge symmetries. At energies too low to produce new states on-shell one can characterize new physics by effective operators involving SM fields only. The operators of dimension six with linearly realized electroweak symmetry were classified in Ref. [13] .
Dominant new physics contributions to the hV µ V ν vertex in Eq. (1) then arise from the Lagrangian
where O i denote the CP-even operators
while O i denote the CP-odd operators
We denoted the SM Higgs doublet as H, the SU (2) L and U (1) Y gauge field strength tensors as W a µν and B µν , respectively, and the dual field strengths as V µν = ǫ µναβ V αβ /2. The operators O W B and O H , included in Eq. (14) , are in a one-to-one correspondence with the S and T oblique parameters [14] . The precision electroweak constraints on S and T are so stringent that the coefficients of these operators c [15] . For the purpose of our discussion, we can assume that c W B and c H are negligibly small as direct measurements of Higgs couplings do not have enough accuracy to probe such high scales in the foreseeable future. The remaining operators in Eq. (14) are not constrained by the LEP experiments as they reduce to SM gauge kinetic terms when the Higgs doublet is substituted by its vacuum expectation value (vev) v. Likewise, the CP-odd operators in Eq. (14) give boundary terms when the Higgs doublet is substituted by its vev. These operators contribute in perturbation theory only when the physical Higgs scalar, from expanding
, is involved in the interaction. Hence, there are no direct LEP bounds on these operators.
In terms of the CP-odd operator coefficients defined above, we obtain the following CP-violating couplings for the hW W and hZZ defined in Eq. (1)
For completeness we also give the CP-preserving couplings in Eq. (1) in terms of the CP-even operator coefficients in Eq. (13)
and
where s w and c w are the sine and cosine of the weak mixing angle, respectively. Assuming that new physics is heavy, the leading contributions to the form-factors B V and C V computed above are momentum independent. The factor of 1 in A V denotes the SM contributions and does not originate from higher-dimensional operators in Eq. (13) . Note that non-standard A V and B V couplings always lead to subdominant O(c 2 ) effects on the up-down asymmetry.
It is worth pointing out that the hW W and hZZ vertices listed in Eq. (16) receive contributions from different effective operators and are not always simply proportional to each other. At first sight, this might suggest a large violation of custodial symmetry, but in fact violation of custodial symmetry is only by the gauging of the hypercharge which is the same type of custodial symmetry breaking that is already present in the SM. Of the six operators that contribute to Eq. (16) 
by gauging the full SU (2) R symmetry. Under that gauging the custodial symmetry is restored and there are two triplets of vector bosons with couplings that respect the diagonal custodial symmetry. This can be contrasted with custodial symmetry breaking by the operator O H which persists even in the limit g ′ → 0. Since the differences between the hW W and hZZ couplings are caused by the hypercharge only, potential discrepancies in these couplings can be natural and do not require new sources of custodial symmetry violation.
Comparing the expressions for C W and C Z in Eq. (16) illustrates why it is worth measuring C W even if C Z could be constrained to be small. These CP-violating couplings arise from independent operators and probe different linear combinations of their coefficients. It is likely that C Z can either be measured or tightly bound using the h → 4l channel (though only for the case where the ZZ * invariant mass is equal to the Higgs mass). In fact, one other linear combination of these operators is already bounded by constraints on the electric dipole moments (EDM) of the electron. The CP-violating coupling of the Higgs to two photons contributes to the electron EDM assuming that Higgs coupling to electrons is SMlike [16] . Electron EDM predominantly 4 restricts the operator
† HF µν F µν , with e the electric charge and F µν the photon field strength. The coefficient of this operator,c γγ =c W W +c BB − 2c W B , is linearly independent of the expressions for C W and C Z . The bounds from electron EDM,c −1/2 γγ O(7 TeV) [16] , make probing CP violation in the h → γγ decays particularly challenging, for example using the method suggested in Ref. [17] .
V. CONCLUSIONS
We proposed a new method of measuring CP-violating couplings of Higgs to W bosons using associated Higgs production. Our observable is based on counting the number of leptons produced in W decays with momenta above or below the plane containing the beam and Higgs momentum. The orientation of that plane is established by the cross product of quark and Higgs momenta. We showed that our observable is quite a sensitive probe of CP-violating hW W coupling. We demonstrated the measurement of the asymmetry can be done at 14 TeV LHC using rapidity cuts to select quark direction. Our observable is very straightforward to implement experimentally once Higgs boson is reconstructed and the associated W boson is selected through cuts on the lepton momentum and missing energy. The main obstacle is low statistics due to small production cross section and reconstruction efficiencies.
Disentangling the nature of Higgs couplings to other SM particles is a crucial next step for either confirming or disproving the validity of the SM at yet un-probed energy scales. Higgs couplings could simply differ in magnitudes from those predicted by the SM, but they could also contain terms of different symmetry properties. In particular, CP violation in the Higgs sector is not as tightly constrained as it is for various interactions involving light SM fermions. While CP violation in the hZZ interaction vertex can be tested relatively easily using the h → 4l channel, the hW W vertex is more difficult to probe and yet it may contain independent information about CP violation in the Higgs sector.
We have not performed any detailed studies of experimental intricacies such as detector resolution, acceptance or pileup effects. Despite being crucial for optimizing the cuts, simulating these effects carefully is beyond the scope of this work. We expect however that the numerical value of the asymmetry will clearly be somewhat reduced by these experimental effects compared to our predictions. Nonetheless, due to the simplicity of the proposed up-down asymmetry we expect it will still be a useful observable to measure irrespectively of experimental challenges.
